; data not shown). This observation suggested that denaturation might reach an equilibrium in which trapped GFP-ssrA was released and refolded at a rate equal to the rate of denaturation of new GFP-ssrA molecules.
To investigate whether GFP-ssrA "cycles" though ClpXP DFP , denaturation and trapping of GFP-ssrA were allowed to proceed for 30 min and the resulting com- accompanied by accumulation of free, monomeric GFPssrA, showing that substrate was physically released from ClpXP DFP ( Figure 3B ). In a control reaction, a poorly model, the second substrate should be actively required recognized variant of cI-N-ssrA in which the C-terminal for GFP-ssrA release. By the latter model, GFP-ssrA residues were DD instead of AA was ineffective at inshould be released from ClpXP DFP even in the absence creasing GFP-ssrA fluorescence ( Figure 3A) . Renatuof the second substrate and, therefore, be detectable ration of GFP-ssrA following dilution from 6 M GuHCl under conditions where uptake and denaturation of new (half-life Ϸ 3 min) was faster than GFP-ssrA release and GFP-ssrA is slowed. In this second model, the second refolding from ClpXP DFP . These results suggest that the substrate simply competes for uptake or "space" within rate of reappearance of fluorescent GFP-ssrA is largely ClpXP DFP , thereby causing a net increase in the amount determined by its rate of release, assuming that the of native GFP-ssrA present, without effecting its rate of chemically denatured protein is similar to that denatured release per se. by ClpXP DFP .
To test these models, reactions containing ClpXP
DFP
These experiments show that denatured GFP-ssrA and GFP-ssrA were allowed to reach equilibrium and trapped in ClpXP DFP can be released into solution to were then diluted 10-fold into a reaction mixture conrefold. In experiments similar to those of Figure 3A , very taining ATP and ClpX with or without cI-N-ssrA. In the little restoration of GFP-ssrA fluorescence was obabsence of second substrate, only a small amount of served after addition of cI-N-ssrA when ATP was detrapped GFP-ssrA was released and refolded to give pleted by addition of hexokinase and its substrate glufluorescent protein after dilution ( Figure 4A ). This dilution cose (data not shown). This observation indicates that step decreased the rate of uptake of new GFP-ssrA by release requires the continual presence of ATP and thus a factor of 10, based on an independently determined the active participation of ClpX. substrate concentration versus reaction rate curve (data Does second substrate facilitate reappearance of nanot shown, but see Figure 5 ; the dependence of rate on tive GFP-ssrA by directly stimulating the release of kinet-
[substrate] was the same for degradation and denaturically trapped GFP-ssrA? Or does this substrate simply ation). Therefore, under these conditions, GFP-ssrA compete for binding to ClpXP DFP , thereby reducing the should have been efficiently released if the trapped subrate of further GFP-ssrA uptake and the amount of denastrate was able to escape in a reaction independent of tured GFP trapped at steady state? These two models have a simple distinguishing feature. By the former the substrate binding or uptake process. Because it did wild-type ssrA tag with an additional N-terminal cysteine); NH 2 -CAANDENYALAA-CONH 2 (identical to the first peptide but with a carboxamide group instead of an ClpXP, release assays were performed using three second substrates: cI-N-ssrA, Arc-ssrA (P22 Arc repressor ␣-carboxyl group at the C terminus), and NH 2 -CAANDE-NYALDD-COOH (identical to the first peptide but with with an ssrA tag), and Arc-MuA10 (Arc repressor with the ten C-terminal residues of MuA transposase). In each DD instead of AA as the final two residues). The wildtype ssrA peptide clearly inhibited denaturation of GFPcase, the ability of different concentrations of these proteins to promote release of trapped GFP-ssrA was meassrA ( Figure 7) ; the extent of inhibition by this peptide was very similar to that observed by the same concensured (Figure 6 ). Arc-ssrA and cI-N-ssrA showed similar behavior in these assays, with protein concentrations trations of cI-N-ssrA (see inset). The carboxamide peptide inhibited somewhat less well, and the DD-peptide supporting half-maximal stimulation of 1.1 Ϯ 0.1 M and 1.3 Ϯ 0.4 M, respectively. For Arc-MuA10, the was an extremely poor inhibitor (Figure 7) . Experiments performed using a range of peptide concentrations concentration required to achieve half-maximal stimulation of the release rate was at least 10-fold higher (14 Ϯ showed that the carboxamide peptide was about 10-fold less effective than the wild-type peptide and the 3 M) than for the ssrA-tagged proteins (Figure 6 ). ArcssrA and Arc-MuA10 are identical, except for the se-DD-peptide was at least 50-fold less effective. Hence, these data confirm that the sequence at the C-terminal quences of their C-terminal peptide tags, yet 13-fold higher concentration of Arc-MuA10 than Arc-ssrA was end of the ssrA tag is important for interactions with ClpXP (Levchenko et al., 1997b; Gottesman et al., 1998; required to achieve the same rate of release. Moreover, Arc-ssrA and cI-N-ssrA are unrelated except for their Smith et al., 1999) and also demonstrate that a free ␣-carboxyl group is an important molecular determinant ssrA tags and yet interact with the ClpXP complex in a manner almost indistinguishable by these measurements. of this interaction. Based on these data, we conclude that the C-terminal peptide tag sequences of these substrates are the prinDiscussion cipal factor determining the strength of productive ClpXP interactions. whereas GFP is mainly a ␤ sheet protein that unfolds an unfolded and easily degradable state, consistent with our observation that trapped GFP-ssrA remains largely with a half-life estimated to be roughly 20 years. We conclude that the ssrA tag is the principal factor contribnonfluorescent.
ClpX Is a Protein Unfoldase
In addition to its role in catalyzing substrate denaturuting to productive association with ClpXP and that additional sequence or structural information from the proation and translocation, the ClpX ATPase also catalyzed active release of trapped GFP-ssrA from ClpP DFP . The tein that is tagged contributes relatively little information that influences ClpXP recognition. latter role for ClpX in modulating ClpP interactions with The finding that the 11-residue ssrA tag is the principal way to secure the native substrate to the enzyme and then to generate and apply force to this molecule via feature within tagged proteins recognized by ClpXP makes biological sense, as this would ensure that addiconformational rearrangements in the Clp enzyme, which are presumably driven by ATP binding or hydrolytion of the ssrA tag to a variety of unrelated proteins during translation would be sufficient to mark these prosis. It is, of course, the structural and mechanistic details of such models that will need to be elucidated to provide teins for proteolytic destruction. Although protein fragments generated by ssrA-mediated tagging during a molecular understanding of this example of enzymecatalyzed protein denaturation. stalled translation would be expected to display a wide range of stabilities, this appears to play little or no role 
